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FIG. 2
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EXHAUST GAS RECIRCULATION SYSTEM
FOR INTERNAL COMBUSTION ENGINE
AND METHOD FOR CONTROLLING THE
SAME

BACKGROUND OF THE INVENTION

1. Field of the Invention
The invention relates to an exhaust gas recirculation sys-
tem for an internal combustion engine, and a method for

controlling the same.

2. Description of the Related Art

An exhaust gas recirculation system that recirculates a
portion of the exhaust gas back to an intake system of an
internal combustion engine has been suggested 1n order to
reduce the amount of nitrogen oxide (NOx) that 1s generated
when fuel 1s burned 1n the internal combustion engine.

In recent years, a technology that makes 1t possible to
perform EGR 1n a broader operating range of an internal
combustion engine has been suggested. As described 1n, for
example, Japanese Patent Application Publication No. 2005-
076456 (JP-A-2005-076456), an exhaust gas recirculation
system according to the technology includes a high-pressure
EGR unit and a low-pressure EGR unit, and recirculates a
portion of the exhaust gas back to the internal combustion
engine while changing the EGR unit used for exhaust gas
recirculation between the high-pressure EGR unit and the
low-pressure EGR unit or using both the high-pressure EGR
unit and the low-pressure EGR unit in combination, based on
the operation mode of the internal combustion engine. The
high-pressure EGR umit recirculates a portion of the exhaust
gas back to the internal combustion engine through a high-
pressure EGR passage that provides communication between
an exhaust passage, at a portion upstream of a turbine of a
turbocharger, and an 1ntake passage, at a portion downstream
of a compressor of the turbocharger. The low-pressure EGR
unit recirculates a portion of the exhaust gas back to the
internal combustion engine through a low-pressure EGR pas-
sage that provides communication between the exhaust pas-
sage, at a portion downstream of the turbine, and the intake
passage, at a portion upstream of the compressor. Japanese
Patent Application Publication No. 2004-027936 (JP-A-
2004-027956) and Japanese Patent Application Publication
No. 09-131761 (JP-A-09-151761) also describe technologies
related to exhaust gas recirculation.

Because a low-pressure EGR passage 1s usually long, the
amount ol exhaust gas in the low-pressure EGR passage 1s
relatively large. Accordingly, even when the operation mode
of an internal combustion engine changes, 1t takes a relatively
long time for the exhaust gas, which 1s discharged from the
internal combustion engine 1n the pre-change operation mode
and which still remains 1n the low-pressure EGR passage, to
be entirely taken in cylinders of the internal combustion
engine. During this time period, the exhaust gas, which has
characteristics (the concentrations of the components, the
temperature, etc, of the exhaust gas) different from those of
the exhaust gas that 1s discharged from the internal combus-
tion engine 1n the post-change operation mode 1s taken in the
internal combustion engine. Accordingly, the oxygen concen-
tration in the intake air (or the EGR rate) may deviate from the
target oxygen concentration in the intake air (or the target
EGR rate), resulting in an increase in the toxic substance
contained 1n the exhaust gas, incomplete combustion, etc.

SUMMARY OF THE INVENTION

The mvention provides a technology for improving the
response of the oxygen concentration 1n the intake air to the
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2

control when the operation mode of an internal combustion
engine 1s changed, thereby suppressing an increase in the
toxic substance in the exhaust gas and unstable combustion,
in an exhaust gas recirculation system that performs EGR
using a high-pressure EGR unit and a low-pressure EGR unit
in combination and a method for controlling the same.

A first aspect of the invention relates to an exhaust gas
recirculation system for an internal combustion engine. The
exhaust gas recirculation system includes a turbocharger that
includes a compressor arranged 1n an intake passage of the
internal combustion engine, and a turbine arranged 1n an
exhaust passage of the internal combustion engine; a high-
pressure EGR unit that recirculates a portion of exhaust gas
back to the internal combustion engine through a high-pres-
sure EGR passage that provides communication between the
exhaust passage, at a portion upstream of the turbine, and the
intake passage, at a portion downstream of the compressor; a
low-pressure EGR unit that, recirculates a portion of exhaust
gas back to the internal combustion engine through a low-
pressure EGR passage that provides communication between
the exhaust passage, at a portion downstream of the turbine,
and the intake passage, at a portion upstream of the compres-
sor; a high-pressure EGR valve that 1s provided in the high-
pressure EGR passage and that changes the flow passage area
of the high-pressure EGR passage; alow-pressure EGR valve
that 1s provided in the low-pressure EGR passage and that
changes the flow passage area of the low-pressure EGR pas-
sage; and an EGR control unit that adjusts the opening
amount of the high-pressure EGR valve to a reference high-
pressure EGR valve openming amount determined based on the
operation mode of the internal combustion engine, and that
adjusts the opeming amount of the low-pressure EGR valve to
a reference low-pressure EGR valve opening amount deter-
mined based on the operation mode of the internal combus-
tion engine.

The “reference high-pressure EGR valve opening amount
1s a predetermined value of the opening amount of the high-
pressure EGR valve, at which the amount of exhaust gas
recirculated back to the internal combustion engine by the
high-pressure EGR umit when the internal combustion engine
performs the steady operation (hereinafter, referred to as the
“high-pressure EGR gas™) matches a predetermined refer-
ence high-pressure EGR gas amount, and which 1s deter-
mined based on the operation mode of the internal combus-
tion engine. The “reference low-pressure EGR valve opening
amount” 1s a predetermined value of the opening amount of
the low-pressure EGR valve, at which the amount of exhaust
gas recirculated back to the internal combustion engine by the
low-pressure EGR unit when the internal combustion engine
performs the steady operation (hereinaiter, referred to as the
“low-pressure ERG gas”) matches a predetermined reference
low-pressure EGR gas amount, and which 1s determined
based on the operation mode of the internal combustion
engine.

The “reference high-pressure EGR gas amount” and the
“reference low-pressure EGR gas amount™ are predetermined
values of the high-pressure EGR gas amount and the low-
pressure EGR gas amount) at which the oxygen concentration
in the air taken 1n the mternal combustion engine matches the
target oxygen concentration 1n the intake air, at which the
engine characteristics such as the amount of toxic substance
in the exhaust gas, the fuel efficiency characteristics and the
combustion characteristics are optimized and which 1s deter-
mined 1n advance. The “reference high-pressure EGR gas
amount” and the “reference low-pressure EGR gas amount™
are determined based on the operation mode of the iternal
combustion engine. The reference high-pressure EGR gas
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amount and the reference low-pressure EGR gas amount may
be set to values at which the EGR rate matches the target EGR
rate. The EGR rate 1s the proportion of the amount of exhaust
gas recirculated back to the internal combustion engine by the
exhaust gas recirculation system to the amount of air taken 1n
the 1internal combustion engine.

If the opening amount of the high-pressure EGR valve 1s
adjusted to the reference high-pressure EGR valve opening
amount and the opening amount of the low-pressure EGR
valve 1s adjusted to the reference low-pressure EGR valve
opening amount, the high-pressure EGR gas amount 1is
adjusted to the reference high-pressure EGR gas amount and
the low-pressure EGR gas amount 1s adjusted to the reference
low-pressure EGR gas amount. Thus, the internal combustion
engine performs the steady operation under the condition 1n
which the above-described various engine characteristics are
optimized.

In the exhaust gas recirculation system according to the
first aspect of the mvention, in the case where the operation
mode of the internal combustion engine 1s changed, the EGR
control unit corrects the reference high-pressure EGR valve
opening amount based on the characteristics of the exhaust
gas present 1n the low-pressure EGR passage immediately
betore the operation mode of the internal combustion engine
1s changed, and maintains the opening amount of the high-
pressure EGR valve at the corrected reference high-pressure
EGR valve opening amount during a predetermined period
aiter the operation mode of the internal combustion engine 1s
changed.

Examples of the “characteristics of the exhaust gas™
include the concentrations of the mert components such as
carbon dioxide contained 1n the exhaust gas, and the tempera-
ture of exhaust gas. The “predetermined period” 1s a time
period from when the operation mode of the internal combus-
tion engine 1s changed until when the oxygen concentration in
the intake air (the EGR rate), which 1s realized when the
opening amount o the high-pressure EGR valve is adjusted to
the reference high-pressure EGR valve opening amount and
the opening amount of the low-pressure EGR valve 1s
adjusted to the reference low-pressure EGR valve opening
amount, matches a desired target oxygen concentration in the
intake air (a desired target EGR rate). In other words, the
predetermined period 1s a time period until when the exhaust
gas that 1s discharged from the internal combustion engine 1n
the pre-change operation mode and that still remains in the
low-pressure EGR passage (hereinafter, referred to as the
“residual low-pressure EGR gas™) 1s entirely taken in the
internal combustion engine.

According to the first aspect of the invention, the opening
amount of the high-pressure EGR valve during the predeter-
mined period 1s adjusted to the opening amount dertved by
correcting the reference high-pressure EGR valve opening
amount based on the characteristics of the residual low-pres-
sure EGR gas. The residual low-pressure EGR gas having the
characteristics different from those of the exhaust gas dis-
charged from the internal combustion engine in the post-
change operation mode, and the high-pressure EGR gas
which 1s relatively quickly changed to the exhaust gas dis-
charged from the internal combustion engine in the post-
change operation mode are recirculated back to the internal
combustion engine. There 1s determined the high-pressure
EGR valve opening amount at which the oxygen concentra-
tion in the intake air (or the EGR rate), which 1s realized 1n the
above-described state, matches the target oxygen concentra-
tion 1n the intake air (or the target EGR rate) that 1s determined
based on the current operation mode of the internal combus-
tion engine.
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4

Thus, the oxygen concentration in the intake air (or the
EGR rate) 1s appropriately adjusted to the target oxygen con-
centration in the intake air (or the target EGR rate), which
improves the response of the oxygen concentration in the
intake air (or the EGR rate) to the control when the operation
mode of the internal combustion engine 1s changed. As a
result, 1t 1s possible to appropriately suppress an increase in
the toxic substance 1n the exhaust gas and unstable combus-
tion.

The first aspect of the mvention may be applied to the
control over the oxygen concentration in the intake air (or the
EGR rate) when the fuel supply cut-ofl operation mode of the
internal combustion engine ends. In this case, particularly
desirable effect 1s produced.

In this case, the EGR control unit may estimate the char-
acteristics of the residual exhaust gas present in the low-
pressure EGR passage during the fuel supply cut-off opera-
tion mode based on the operation mode of the internal
combustion engine immediately before the operation mode of
the internal combustion engine 1s changed to the fuel supply
cut-oil operation mode.

For example, in the case where the operation mode of the
internal combustion engine 1s changed from the steady opera-
tion mode to the fuel supply cut-off operation mode, the EGR
control unit may keep the low-pressure EGR valve closed
during the fuel supply cut-oif operation mode from when the
operation mode 1s changed to the fuel supply cut-oif opera-
tion mode until when the fuel supply cut-oif operation mode
ends, correct the reference high-pressure EGR valve opening
amount based on the steady operation mode, and maintain the
opening amount of the high-pressure EGR valve at the cor-
rected reference high-pressure EGR valve opening amount
during the predetermined period after the fuel supply cut-off
operation mode of the internal combustion engine ends.

When the operation mode of the internal combustion
engine immediately before changed to the fuel supply cut-off
operation mode 1s the steady operation mode, the character-
1stics of the exhaust gas, which 1s discharged from the internal
combustion engine and which 1s present 1n the exhaust sys-
tem, 1s substantially uniform. Accordingly, if the low-pres-
sure EGR valve 1s closed when the operation mode of the
internal combustion engine 1s changed from the steady opera-
tion mode to the filet supply cut-oil operation mode, the
exhaust gas that has substantially uniform characteristics
remains in the entire low-pressure EGR passage.

The characteristics of the exhaust gas discharged from the
internal combustion engine 1n the steady operation mode can
be estimated based on the steady operation mode. Accord-
ingly, when the exhaust gas recirculation 1s performed by the
low-pressure EGR unit after the fuel supply cut-off operation
mode of the internal combustion engine ends, the exhaust gas
which have the characteristics that are different from those of
the exhaust gas discharged from the internal combustion
engine in the operation mode after the fuel supply cut-off
operation mode ends but that are known due to the estimation,
1s recirculated back to the internal combustion engine as the
low-pressure EGR gas.

The opening amount of the high-pressure EGR valve and
the opening amount of the low-pressure EGR valve may be
controlled based on the known characteristics of the exhaust
gas so that the oxygen concentration in the intake air (01' the
EGR rate) matches the target oxygen concentration 1n the
intake air (or the target EGR rate) when the low-pressure EGR
gas having the known characteristics and the high-pressure
EGR gas having the characteristics corresponding to the
operation mode aiter the fuel supply cut-oil operation mode
ends are recirculated back to the internal combustion engine.
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As aresultitis possible to appropriately improve the response
of the oxygen concentration 1n the intake air (or the EGR rate)
to the control during the predetermined period after the fuel
supply cut-off operation mode of the internal combustion
engine ends.

On the other hand, when the operation mode of the internal
combustion engine immediately before being changed to the
tuel supply cut-off operation mode 1s the transient operation
mode, the characteristics of the exhaust gas discharged from
the mternal combustion engine and present 1n the exhaust
system vary depending on the position of the exhaust gas 1n
the tflow path, because the operating state of the internal
combustion engine changes with time. Accordingly, even
when the low-pressure EGR valve 1s kept closed during the
tuel supply cut-oil operation mode to cause the exhaust gas
discharged from the internal combustion engine 1n the tran-
sient operation mode to remain in the low-pressure EGR
passage, 1t 1s difficult to recirculate the exhaust gas having the
known characteristics back to the internal combustion engine
as the low-pressure EGR gas after the fuel supply cut-off
operation mode ends.

Therefore, when the operation mode of the internal com-
bustion engine 1s changed from the transient operation mode
to the tuel supply cut-oif operation mode, the low-pressure
EGR valve may be kept open during the fuel supply cut-off
operation mode from when the operation mode 1s changed to
the fuel supply cut-oif operation mode until when the fuel
supply cut-oil operation mode ends, and the opening amount
of the high-pressure EGR valve may be adjusted to an open-
ing amount that 1s larger than the reference high-pressure
EGR valve opening amount, and kept at this opening amount
during the predetermined period after the fuel supply cut-oif
operation mode of the internal combustion engine ends.

Thus, the exhaust gas that remains in the low-pressure EGR
passage 1s forcibly introduced into the intake system and,
instead of this exhaust gas, the newly-taken air flows into the
low-pressure EGR passage during the fuel supply cut-off
mode. Because the characteristics of the newly-taken air are
known, the gas (1.e., the newly-taken air) having the known
characteristics 1s recirculated back to the internal combustion
engine as the low-pressure EGR gas after the fuel supply
cut-oif operation mode of the mternal combustion engine
ends.

Accordingly, the high-pressure EGR valve opening
amount and the low-pressure EGR valve opening amount
during the predetermined period are adjusted based on the
known characteristics of the newly-taken air so that the oxy-
gen concentration in the intake air (or the EGR rate) matches
the target oxygen concentration in the imntake air (or the target
EGR rate) when the low-pressure EGR gas (newly-taken air)
having the known characteristics and the high-pressure EGR
gas having the characteristics corresponding to the operation
mode after the fuel supply cut-oif mode are recirculated back
to the internal combustion engine. In this case, during the
predetermined period, the oxygen concentration in the intake
air (or the EGR rate) 1s brought to the target oxygen concen-
tration 1n the intake air (or the target EGR rate) substantially
only by the high-pressure EGR unit. As a result, 1t 1s possible
to appropriately improve the response of the oxygen concen-
tration 1n the intake air (or the EGR rate) to the control during
the predetermined period after the fuel supply cut-oil opera-
tion mode of the internal combustion engine ends.

A second aspect of the invention relates to a method for
controlling an exhaust gas recirculation system for an internal
combustion engine. The exhaust gas recirculation system
includes a turbocharger that includes a compressor arranged
in an intake passage of the internal combustion engine, and a
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6

turbine arranged 1ll an exhaust passage of the internal com-
bustion engine; a high-pressure EGR unit that recirculates a

portion of exhaust gas back to the internal combustion engine
through a high-pressure EGR passage that provides commu-
nication between the exhaust passage, at a portion upstream
of the turbine, and the intake passage, at a portion down-
stream of the compressor; a low-pressure EGR unit that recir-
culates a portion of exhaust gas back to the internal combus-
tion engine through a low-pressure EGR passage that
provides communication between the exhaust passage, at a
portion downstream of the turbine, and the intake passage, at
a portion upstream of the compressor; a high-pressure EGR
valve that 1s provided 1n the high-pressure EGR passage and
that changes the flow passage area of the high-pressure EGR
passage, and a low-pressure EGR valve that 1s provided 1n the
low-pressure EGR passage and that changes the flow passage
area ol the low-pressure EGR passage. According to the
method, the opening amount of the high-pressure EGR valve
1s adjusted to a reference high-pressure EGR valve opening
amount determined based on the operation mode of the inter-
nal combustion engine, and the opening amount of the low-
pressure EGR valve 1s adjusted to a reference low-pressure
EGR valve opening amount determined based on the opera-
tion mode of the internal combustion engine. In a case where
the operation mode of the internal combustion engine 1s
changed, the reference high-pressure EGR valve opening
amount 1s corrected based on the characteristics of exhaust
gas present 1n the low-pressure EGR passage immediately
betore the operation mode of the internal combustion engine
1s changed, and the opening amount of the high-pressure EGR
valve 1s maintained at the corrected reference high-pressure
EGR valve opening amount during a predetermined period
aiter the operation mode of the internal combustion engine 1s
changed.

The configurations described above may be combined with
cach other.

According to the aspects of the invention described above,
it 1s possible to improve the response of the oxygen concen-
tration in the intake air to the control when the operation mode
of the internal combustion engine 1s changed, thereby sup-
pressing an increase 1n the toxic substance in the exhaust gas
and unstable combustion, 1n the exhaust gas recirculation
system that performs EGR using the high-pressure EGR unit
and the low-pressure EGR unit 1n combination and the
method for controlling the same.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and further objects, features and advantages
of the mvention will become apparent from the following
description of an example embodiment with reference to the
accompanying drawings, wherein the same or corresponding
portions will be denoted by the same reference numerals and
wherein:

FIG. 1 1s a view schematically showing the structure of an
internal combustion engine and an intake system and an
exhaust system of the internal combustion engine to which an
EGR control according to an embodiment of the invention 1s
applied;

FIG. 2 1s a graph showing the manner 1n which the EGR
unit used for EGR 1s selected from among a high-pressure

EGR umt and a low-pressure EGR unit according to the
embodiment of the invention;

FIG. 3 1s a flowchart showing the EGR control routine
according to the embodiment of the invention;

FIG. 4A to FIG. 4F are time charts showing time-changes
in the fuel injection amount, the EGR rate, the opening
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amount ol a high-pressure EGR valve, the carbon dioxide
concentration in the high-pressure EGR gas, the opening

amount of a low-pressure EGR valve, and the carbon dioxide
concentration in the low-pressure EGR gas, the time-changes
being caused when the EGR control according to the embodi-
ment of the invention 1s executed 1n the case where the opera-
tion mode of the internal combustion engine 1s changed from
the steady operation mode to the fuel supply cut-oif operation
mode and then the fuel supply cut-oif operation mode ends;
and

FIG. SA to FIG. 5F are time charts showing time-changes
in the fuel mjection amount, the EGR rate, the opening
amount of the high-pressure EGR valve, the carbon dioxide
concentration in the high-pressure EGR gas) the opening
amount of the low-pressure EGR valve, and the carbon diox-
ide concentration in the low-pressure EGR gas) the time-
changes being caused when the EGR control according to the
embodiment of the invention 1s executed 1n the case where the
operation mode of the internal combustion engine 1s changed
from the transient operation mode to the fuel supply cut-oif
operation mode and then the fuel supply cut-oif operation
mode ends.

DETAILED DESCRIPTION OF TH
EMBODIMENT

(Ll

Hereatter, an example embodiment of the invention will be
described 1n detail with reference to the accompanying draw-
ings. Unless otherwise noted, the sizes, materials, shapes,
relative arrangements, etc. of the components described in the
embodiment do not limait the technical scope of the invention.

FIG. 1 1s a view schematically showing an intake system,
an exhaust system, and a control system of an internal com-
bustion engine provided with an exhaust gas recirculation
system for an internal combustion engine according to the
embodiment of the invention. An internal combustion engine
1 shown 1n FIG. 1 15 a water-cooled four-cycle diesel engine
having four cylinders 2.

An mtake manifold 17 and an exhaust manifold 18 are
connected to the cylinders 2 of the internal combustion engine
1. An intake pipe 3 1s connected to the intake manifold 17. A
second 1ntake throttle valve 9, which regulates the flow rate of
the intake air flowing through the intake plpe 3 by changing
the flow passage area of the intake pipe 3, 1s provided 1n the
intake pipe 3 at a position upstream of the intake manifold 17.
The second intake throttle valve 9 1s opened/closed by an
clectric actuator. An mtercooler 8 that cools the intake air 1s
provided 1n the intake pipe 3, at a position upstream of the
second intake throttle valve 9. A compressor 11 of a turbo-
charger that operates using the energy of the exhaust gas as a
driving source 1s provided 1n the intake pipe 3, at a position
upstream of the intercooler 8. A first intake throttle valve 6,
which regulates the flow rate of the intake air flowing through
the intake pipe 3 by changing the flow passage area of the
intake pipe 3, 1s provided 1n the intake pipe 3, at a position
upstream of the compressor 11. The first intake throttle valve
6 1s opened/closed by an electric actuator.

An exhaust pipe 4 1s connected to the exhaust manifold 18.
A turbine 12 of the turbocharger 1s provided 1n a middle
portion of the exhaust pipe 4. The turbocharger 1s a variable
capacity turbocharger provided with a nozzle vane 5 that 1s
able to change the flow characteristics of the exhaust gas that
flows 1nto the turbine 12. An exhaust gas control apparatus 10

1s provided 1n the exhaust pipe 4, at a position downstream of

the turbine 12. The exhaust gas control apparatus 10 includes
a particulate filter (hereinatfter, referred to as a “filter”) 13.
The filter 13 supports a NOx storage reduction catalyst (here-
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inafter, referred to as a “NOx catalyst”). When the exhaust gas
passes through the filter 13, particulate matter contained in
the exhaust gas 1s trapped 1n the filter 13, and NOx contained
in the exhaust gas 1s stored 1n the filter 13 11 the exhaust gas 1s
in the oxidant atmosphere. An exhaust throttle valve 19,
which regulates the flow rate of the exhaust gas ﬂewmg
through the exhaust plpe by changing the flow pas sage area of
the exhaust pipe 4, 1s provided in the exhaust pipe 4, at a
position dewnstream of the exhaust gas control apparatus 10.
The exhaust throttle valve 19 1s opened/closed by an electric
actuator. In the embodiment of the invention, the exhaust
throttle valve 19 1s provided 1n the exhaust pipe 4, at a position
immediately downstream of the exhaust gas control apparatus
10. Alternatively, the exhaust gas throttle valve 19 may be
provided 1n the exhaust pipe 4, at a position downstream of
the connection portion at which a low-pressure EGR passage
31, which will be described later 1n detail, 1s connected to the
exhaust pipe 4. Reducing the opening amount of the exhaust
throttle valve 19 makes 1t possible to increase the temperature
of the filter 13, oxidize the particulate matter trapped in the
filter 13 to remove 1t, and reduce the NOx stored 1n the NOx
catalyst,

The 1nternal combustion engine 1 1s provided with a low-
pressure EGR unit 30 that introduces a portion of the exhaust
gas, flowing through the exhaust pipe 4, to the intake pipe 3,
at low pressure, to recirculate 1t back to the cylinders 2. The
low-pressure EGR unit 30 includes the low-pressure EGR
passage 31, a low-pressure EGR valve 32 and a low-pressure
EGR cooler 33. The low-pressure EGR passage 31 provides
communication between the exhaust pipe 4, at a portion
downstream of the exhaust throttle valve 19, and the intake
pipe 3, at a portion upstream of the compressor 11 and down-
stream of the first intake throttle valve 6. The exhaust gas 1s
introduced to the intake pipe 3, at low pressure, through the
low-pressure EGR passage 31. In the following description
concerning the embodiment of the invention, the exhaust gas
that 1s recirculated back to the cylinders 2 through the low-
pressure EGR passage 31 will be referred to as the “low-
pressure EGR gas™.

The low-pressure EGR valve 32 1s a flow-rate regulating,
valve that regulates the flow rate of the exhaust gas flowing
through the low-pressure EGR passage 31 by changing the
flow passage area of the low-pressure EGR passage 3. The
flow rate of the low-pressure EGR gas 1s regulated by adjust-
ing the opening amount of the low-pressure EGR valve 32.
The tlow rate of the low-pressure EGR gas may be regulated
by a method other than adjustment of the opening amount of
the low-pressure EGR valve 32. For example, the flow rate of
the low-pressure EGR gas may be regulated 1n a method in
which the pressure difference between the upstream side and
the downstream side of the low-pressure EGR passage 31 1s
changed by adjusting the opening amount of the first intake
throttle valve 6.

The low-pressure EGR cooler 33 promotes heat exchange
between the low-pressure EGR gas tlowing through the low-
pressure EGR cooler 33 and the coolant that cools the internal
combustion engine 1 to cool the low-pressure EGR gas.

The internal combustion engine 1 1s provided with a high-
pressure EGR unit 40 that introduces a portion of the exhaust
gas flowing through the exhaust pipe 4 to the intake pipe 3, at
high pressure, to recirculate 1t back to the cylinders 2. The
high-pressure EGR unit 40 includes a high-pressure EGR
passage 41, and a high-pressure EGR valve 42. The high-
pressure EGR passage 41 provides communication between
the exhaust plpe 4, at a portion upstream of the turbine 12, and
the intake pipe 3, at a portion downstream of the second 111take
throttle valve 9. The exhaust gas 1s introduced to the intake
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pipe 3, at high pressure, through the high-pressure EGR pas-
sage 41. In the following description concerning the embodi-
ment of the imnvention the exhaust gas that 1s recirculated back
to the cylinders 2 through the high-pressure EGR passage 41
will be referred to as the “high-pressure EGR gas”™.

The high-pressure EGR valve 42 1s a tlow-rate regulating
valve that regulates the flow rate of the exhaust gas flowing
through the high-pressure EGR passage 41 by changing the
flow passage area of the high-pressure EGR passage 41. The
flow rate of the high-pressure EGR gas 1s regulated by adjust-
ing the opening amount of high-pressure EGR valve 42. The
flow rate of the high-pressure EGR gas may be regulated by a
method other than adjustment of the opening amount of high-
pressure EGR valve 42. For example, the tlow rate of the
high-pressure EGR gas may be regulated in a method in
which the pressure difference between the upstream side and
the downstream side of the high-pressure EGR passage 41 1s
changed by adjusting the opening amount of the second
intake throttle valve 9. The flow rate of the high-pressure EGR
gas may be regulated by adjusting the opening amount of the
nozzle vane 5.

The internal combustion engine 1 1s provided with an elec-
tronic control unit (ECU) 20 that controls the mternal com-
bustion engine 1. The ECU 20 1s a microcomputer that has a
known structure 1n which read only memory (ROM), random
access memory (RAM), a central processing unit (CPU), an
input port, an output port, a digital-analog converter (DA
converter), an analog-digital converter (AD converter), etc.
are connected to each other via a bi-directional bus.

The ECU 20 executes various known basic controls for a
diesel engine, such as the tuel injection control, based on the
operation mode of the internal combustion engine 1 and an
instruction from a driver. Theretore, the internal combustion
engine 1 in the embodiment of the invention 1s provided with
an airflow meter 7 that detects the tlow rate of the newly-taken
air flowing through the intake pipe 3, a coolant temperature
sensor 14 that detects the temperature of the coolant 1n the
internal combustion engine 1, an accelerator angle sensor 15
that detects the amount by which the accelerator pedal 1s
depressed by the driver (accelerator angle), a crank position
sensor 16 that detects the rotational phase (crank angle) of the
crankshait of the internal combustion engine 1, and various
sensors (not shown) that are usually provided to a diesel
engine.

These sensors are connected to the ECU 20 via electric
wiring, and signals output from these sensors are transmitted
to the ECU 20. Devices such as drive units that drive the first
intake throttle valve 6, the second intake throttle valve 9, the
exhaust throttle valve 19, the low-pressure EGR valve 32, and
the high-pressure EGR valve 42 are connected to the ECU 20
via electric wiring. These devices are controlled according to
control signals transmitted from the ECU 20.

The ECU 20 determines the operation mode of the internal
combustion engine 1 and the instruction from the driver based
on the values detected by these sensors. For example, the
ECU 20 detects the operation mode of the internal combus-
tion engine 1 based on the engine speed, which 1s determined
based on the crank angle indicated by a signal from the crank
position sensor 16, and the engine load, which 1s determined
based on the accelerator angle indicated by a signal from the
accelerator angle sensor 15. Then, the ECU 20 controls the
low-pressure EGR valve 32, the high-pressure EGR valve 42,
etc, based on the detected engine operation mode and mstruc-
tion from the driver, thereby controlling the EGR gas amount,
the intake air amount, etc.
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Next, the EGR control executed by the ECU 20 will be
described.

In the exhaust gas recirculation system according to the
embodiment of the invention, the target value of the EGR rate
(hereimafiter, referred to as the “target EGR rate”) 1s set for
cach operation mode of the internal combustion engine 1 so
that the NOx discharge amount matches a predetermined
target value. Then, the target EGR rate i1s achieved by per-
forming EGR using the high-pressure EGR unit 40 and the
low-pressure EGR unit 30 1n combination, and the combina-
tion of the high-pressure EGR gas amount and the low-pres-
sure¢ EGR gas amount (or the proportion of each of the high-
pressure EGR gas amount and the low-pressure EGR gas
amount to the entire EGR gas amount), which 1s optimum for
achieving the predetermined engine characteristics such as
the fuel consumption amount and the combustion character-
1stics due to performance of EGR, 1s obtained, and the high-
pressure EGR gas amount and the low-pressure EGR gas
amount 1n this optimum combination are stored in the ROM
of the ECU 20 as the reference high-pressure EGR gas
amount and the reference low-pressure EGR gas amount. The
EGR rate 1s the proportion of the entire EGR gas amount (the
sum of the high-pressure EGR gas amount and the low-
pressure EGR gas amount) to the intake air amount. When the
intake air amount 1s denoted by Gcyl and the amount of
newly-taken air detected by the airtlow meter 7 1s denoted by
Gn, the EGR rate 1s expressed by the equation, EGR rate=
(Geyl-Gn)/Geyl.

Then, the opening amount of the low-pressure EGR valve
32, at which the low-pressure EGR gas amount matches the
reference low-pressure EGR gas amount when the internal
combustion engine 1 performs the steady operation, 1s deter-
mined and used as the reference low-pressure EGR valve
opening amount. The opening amount of the high-pressure
EGR valve 42, at which the high-pressure EGR gas amount
matches the reference high-pressure EGR gas amount when
the internal combustion engine 1 performs the steady opera-
tion, 1s determined and used as the reference high-pressure
EGR valve opening amount. The reference low-pressure
EGR valve opening amount and the reference high-pressure
EGR valve opening amount are stored in the ROM of the ECU
20.

The ECU 20 reads the reference low-pressure EGR valve
opening amount and the reference high-pressure EGR valve
opening amount from the ROM based on the operation mode
of the internal combustion engine 1. The ECU 20 controls the
low-pressure EGR valve 32 so that the opening amount of the
low-pressure EGR valve 32 matches the reference low-pres-
sure EGR valve opening amount. The ECU 20 also controls
the high-pressure EGR valve 42 so that the opening amount of
the high-pressure EGR valve 42 matches the reference high-
pressure EGR valve opening amount.

FIG. 2 1s a graph showing the manner 1n which the EGR
unit used for EGR 1s selected from among the high-pressure
EGR unit 40 and the low-pressure EGR unit 30, which 1s set
for each operating range of the internal combustion engine 1.
In FIG. 2, the lateral axis of the graph represents the rotational
speed of the internal combustion engine 1, and the vertical
axis of the graph represents the load placed on the internal
combustion engine 1. As shown 1n FIG. 2, when the internal
combustion engine 1 i1s operating at low load, EGR 1s per-
formed using only the high-pressure EGR unit 40. This oper-
ating range in which only the high-pressure EGR unit 40 1s
used 1s referred to as the range HPL. When the internal com-
bustion engine 1 1s operating at medium load, EGR 1s per-
formed using the high-pressure EGR unit 40 and the low-
pressure EGR unit 30 1n combination. This operating range in




US 8,196,404 B2

11

which the high-pressure EGR unit 40 and the low-pressure
EGR unit 30 are used in combination 1s referred to as the
range MIX. When the internal combustion engine 1 1s oper-
ating at high load, EGR 1s performed using only the low-
pressure EGR unit 30. This operating range in which only the
low-pressure EGR unit 30 1s used 1s referred to as the range
LPL. In the operating range that 1s higher 1n the engine load
than the upper limit of the range LPL, EGR 1s not performed.

Performing EGR by using the EGR unit selected from
among the low-pressure EGR unit 40 and the high-pressure
EGR unit 30 or using the low-pressure EGR unit 40 and the
high-pressure EGR unit 30 1n combination based on the
operation mode of the internal combustion engine 1 makes 1t
possible to perform EGR 1n a broader operating range of the
internal combustion engine 1. As a result, the NOx generation
amount 1s reduced.

The high-pressure EGR gas i1s recirculated back to the
internal combustion engine 1 through the high-pressure EGR
passage 31 that connects a portion near the exhaust manifold
19 to a portion near the intake mamifold 17. Because the
high-pressure EGR passage 41 1s relatively short, the high-
pressure EGR gas amount quickly responds to a change 1n the
opening amount of the high-pressure EGR valve 42. When
the operation mode of the mternal combustion engine 1 1s
changed from an operation mode (a first operation mode) to
another operation mode (a second operation mode), the high-
pressure EGR gas 1n the high-pressure EGR gas passage 41 1s
changed within a relatively short time from the exhaust gas
discharged from the internal combustion engine 1 in the first
operation mode to the exhaust gas discharged from the inter-
nal combustion engine 1 1n the second operation mode.

On the other hand, in the path through which the low-
pressure EGR gas flows, there are arranged the long low-
pressure EGR passage 31, the low-pressure EGR cooler 33
and the 1ntercooler 8 that have large tlow passage volumes,
etc. Accordingly, the response of low-pressure EGR gas
amount to a change 1n the opening amount of the low-pressure
EGR valve 32 1s slow. When the operation mode of the inter-
nal combustion engine 1 1s changed from the first operation
mode to the second operation mode, there 1s a large amount of
low-pressure EGR gas that 1s discharged from the internal
combustion engine 1 1n the first operation mode, flows 1n the
low-pressure EGR passage 31 and still remains 1n the low-
pressure EGR passage 31 without flowing in the intake pipe 3
(heremaftter, such low-pressure EGR, gas will be referred to
as the “residual low-pressure EGR gas™). Accordingly, a rela-
tively long time period (hereinafter, referred to as the “low-
pressure EGR gas changing period”) 1s required until the
residual low-pressure EGR gas 1s entirely recirculated back to
the mternal combustion engine 1 and the exhaust gas dis-
charged from the internal combustion engine 1 in the second
operation mode starts to be recirculated back to the internal
combustion engine 1 as the low-pressure EGR gas.

The residual low-pressure EGR gas that 1s recirculated
back to the internal combustion engine 1 during the low-
pressure EGR gas changing period dififers in the concentra-
tions of the exhaust gas components from the exhaust gas
discharged from the internal combustion engine 1 1n the sec-
ond operation mode. Accordingly, even when the opening
amount of the low-pressure EGR valve 32 1s adjusted to the
reference low-pressure EGR valve opening amount corre-
sponding to the second operation mode when the operation
mode of the internal combustion engine 1 1s changed from the
first operation mode to the second operation mode, the 1nflu-
ence of the low-pressure EGR gas amount on the EGR rate
may be excessively larger or smaller than expected. In this
case, the EGR rate during the low-pressure EGR gas chang-
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ing period does not match the target EGR rate corresponding
to the second operation mode, resulting 1n an increase in the
NOx discharge amount and unstable combustion.

Therefore, the exhaust gas recirculation system according,
to the embodiment of the invention changes the opening
amount of the high-pressure EGR valve 42 from the reference
high-pressure EGR valve opening amount to an approprate
opening amount, and maintains the appropriate opening
amount during the low-pressure EGR gas changing period
when the operation mode of the internal combustion engine 1
1s changed from the first operation mode to the second opera-
tion mode. Thus, the deviation 1n the EGR rate from the target
EGR rate due to the recirculation of the residual low-pressure
EGR gas back to the internal combustion engine 1 1s cor-
rected.

More specifically, the concentrations of the components of
the residual low-pressure EGR gas (the carbon dioxide con-
centration, the oxygen concentration, etc.) are estimated
based on the operation parameters (engine speed, engine
load, etc.) related to the first operation mode. During the
low-pressure EGR gas changing period, the residual low-
pressure EGR gas containing the components having the
estimated concentrations 1s recirculated back to the internal
combustion engine 1 by the low-pressure EGR unit 30 and the
exhaust gas discharged from the internal combustion engine 1
in the second operation mode 1s recirculated back to the
internal combustion engine 1 by the high-pressure EGR unait
40. There 1s determined the high-pressure EGR valve opening
amount at which the EGR rate, which 1s realized 1n the above-
described state, matches the target EGR rate corresponding to
the second operation mode.

Thus, the target EGR rate during the low-pressure EGR gas
changing period 1s appropriately adjusted to the target EGR
rate. Accordingly, 1t 1s possible to suppress an increase in the
NOx discharge amount and unstable combustion 1mmedi-
ately after the operation mode of the internal combustion
engine 1 1s changed.

Hereafter, the embodiment in which the EGR control
described above 1s executed when the fuel supply cut-off
operation mode (no-load operation mode) of the internal
combustion engine 1 ends will be described with reference to
FIG. 3. FIG. 3 1s a flowchart showing the EGR control routine
executed when the fuel supply cut-oif operation mode of the
internal combustion engine 1 ends. The routine 1s a computer
program stored 1n advance 1in the ROM of the ECU 20, and 1s
executed at predetermined time intervals when the internal
combustion engine 1 1s being operated.

When the EGR control routine 1s started, the ECU 20 first
detects the operation mode of the internal combustion engine
1 (step S301). More specifically, the ECU 20 determines the
engine speed based on the crank angle detected by the crank
position sensor 16, and engine load based on the accelerator
angle detected by the accelerator angle sensor 15.

When the operation mode of the internal combustion
engine 1 detected 1n step S301 1s the operation mode that
belongs to the operating range 1n which the fuel supply cut-oif
operation should be performed the ECU 20 changes the
operation mode of the internal combustion engine 1 to the fuel
supply cut-oil operation mode (step S302).

Then, the ECU 20 determines whether the operation mode
of the internal combustion engine 1 immediately before being
changed to the fuel supply cut-off operation mode 1s the
steady operation mode (step S303).

When an aflirmative determination 1s made 1n step S303,
the ECU 20 fully closes the low-pressure EGR valve 32 (step
S304). Namely, when the internal combustion engine 1 per-
forms the steady operation immediately before the operation
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mode thereot 1s changed to the fuel supply cut-oif operation
mode) the low-pressure EGR valve 32 1s closed at the same
time that the operation mode of the internal combustion
engine 1 1s changed to the fuel supply cut-oif operation mode.
Thus, the exhaust gas that 1s discharged from the internal
combustion engine 1 1n the steady operation mode and that
has uniform characteristics remains as the residual low-pres-
sure¢ EGR gas 1n the low-pressure EGR passage 31.

On the other hand, when a negative determination 1s made
in step S303, the ECU 20 fully opens the low-pressure EGR
valve 32 (step S305). Namely, when the internal combustion
engine 1 performs the transient operation immediately before
the operation mode of the internal combustion engine 1 1s
changed to the fuel supply cut-oif operation mode, the ECU
20 opens the low-pressure EGR valve 32 at the same time that
the operation mode of the internal combustion engine 1 1s
changed to the fuel supply cut-oif operation mode. At this
time, the first intake throttle valve 6 and the second intake
throttle valve 9 are opened. Thus, the exhaust gas, which has
a non-uniform and unknown carbon dioxide concentration
and which 1s discharged from the internal combustion engine
1 1n the transient operation mode and remains 1n the low-
pressure EGR passage 31, 1s forced out of the low-pressure
EGR passage 31 by the air that i1s taken 1n during the fuel
supply cut-oif operation mode and that tlows through the
intake and exhaust systems. Thus, the air that 1s taken 1n
during the fuel supply cut-oif operation mode and that has
uniform characteristics remains as the residual low-pressure
EGR gas 1n the low-pressure EGR passage 31.

When the condition for ending the fuel supply cut-off
operation mode of the imnternal combustion engine 1 1s satis-
fied, the ECU 20 resumes fuel injection to end the fuel supply
cut-oil operation mode of the internal combustion engine 1
(step S306). The ECU 20 reads the reference high-pressure
EGR valve opening amount and the reference low-pressure
EGR valve opening amount from the ROM based on the
operation mode to which the operation mode of the internal
combustion engine 1 1s changed from the fuel supply cut-oif
operation mode (step S307).

Then, the ECU 20 corrects the reference high-pressure
EGR valve opening amount read 1n step S307 so thatthe EGR
rate matches the target EGR rate corresponding to the opera-
tion mode to which the operation mode of the internal com-
bustion engine 1 1s changed from the fuel supply cut-off
operation mode (step S308).

More specifically, when the operation mode of the internal
combustion engine 1 immediately before being changed to
the fuel supply cut-oif operation mode 1s the steady operation
mode, the carbon dioxide concentration in the residual low-
pressure EGR gas (in this case, the exhaust gas discharged
during the steady operation mode) based on the operation
parameters (engine speed, engine load, etc.) related to the
steady operation mode. During the low-pressure EGR gas
changing period, the residual low-pressure EGR gas having
the estimated carbon dioxide concentration 1s recirculated
back to the internal combustion engine 1 by the low-pressure
EGR unit 30, and the exhaust gas discharged from the internal
combustion engine 1 1n the operation mode, to which the
operation mode of the internal combustion engine 1 1is
changed from the fuel supply cut-oil operation mode, 1s recir-
culated back to the internal combustion engine 1 by the high-
pressure EGR unit 40. The reference high-pressure EGR
valve opening amount 1s corrected so that the EGR rate,
which 1s realized in the above-described state, matches the
target EGR rate corresponding to the operation mode to
which the operation mode of the internal combustion engine
1 1s changed from the fuel supply cut-off operation mode.
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When the operation mode of the internal combustion
engine 1 immediately before being changed to the fuel supply
cut-oil operation mode 1s the transient operation mode, the
carbon dioxide concentration (or the oxygen concentration)
in the air taken in during the fuel supply cut-oil operation
mode 1s detected or estimated. During the low-pressure EGR
gas changing period, the air taken 1n during the fuel supply
cut-oil operation mode 1s recirculated back to the internal
combustion engine 1 by the low-pressure EGR unit 30, and
the exhaust gas discharged from the internal combustion
engine 1n the operation mode, to which the operation mode of
the mternal combustion engine 1 1s changed from the fuel
supply cut-oif operation mode, 1s recirculated back to the
internal combustion engine 1 by the high-pressure EGR unait
40. The reference high-pressure EGR valve opening amount
1s corrected such that the EGR rate, which 1s realized 1n the
above-described state, matches the target EGR rate corre-
sponding to the operation mode to which the operation mode
of the internal combustion engine 1 i1s changed from the fuel
supply cut-off operation mode. In this case, the opening
amount of the high-pressure EGR valve 42, at which the
target EGR rate 1s achieved only by the high-pressure EGR
gas, 1s determined.

Then, the ECU 20 adjusts the opening amount of the low-
pressure EGR valve 32 to the reference low-pressure EGR
valve opening amount read 1n step S307, and adjusts opening
amount of the high-pressure EGR valve 42 to the high-pres-
sure EGR valve opening amount determined 1n step S308
(step S309).

The ECU 20 maintains the state, which 1s realized by
executing step S309 and i1n which the high-pressure EGR
valve 42 1s open by the reference high-pressure EGR valve
opening amount and the low-pressure EGR valve 32 1s open
by the reference low-pressure EGR valve opening amount,
during the low-pressure EGR gas changing period. In this
case, the low-pressure EGR gas changing period 1s deter-
mined based on the flow rate of the low-pressure EGR gas in
the operation mode to which the operation mode of the inter-
nal combustion engine 1 i1s changed from the fuel supply
cut-oif operation mode and the volume, shape, etc. of the
low-pressure EGR passage 31.

When the low-pressure EGR gas changing period has
clapsed since the fuel supply cut-oif operation mode of the
internal combustion engine 1 ends (step S310), the ECU 20
adjusts opening amount of the high pressure EGR valve 42 to
the reference high-pressure EGR valve opening amount and
adjusts the opening amount of the low-pressure EGR valve 32
to the reference low-pressure EGR valve opening amount
(step S311).

If the ECU 20 executes the EGR control routine, the EGR
rate during the low-pressure EGR gas changing period after
the fuel supply cut-oil operation mode of the mternal com-
bustion engine 1 ends 1s adjusted to the target EGR rate
corresponding to the operation mode to which the operation
mode of the internal combustion engine 1 1s changed from the
tuel supply cut-off operation mode. As a result, it 1s possible
to appropriately suppress an increase 1n the NOx discharge
amount and unstable combustion during the low-pressure
EGR gas changing period.

FIG. 4A to FIG. 4F are time charts showing time-changes
in the fuel injection amount, the EGR rate, the opening
amount of the high-pressure EGR valve, the carbon dioxide
concentration in the high-pressure EGR gas, the opening
amount of the low-pressure EGR valve, and the carbon diox-
ide concentration in the low-pressure EGR gas, the time-
changes being caused when the EGR control routine 1is
executed 1n the case where the operation mode of the internal
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combustion engine 1s changed from the steady operation
mode (hereinafter, referred to as the “first operation mode™) to
the fuel supply cut-oil operation mode and then the fuel
supply cut-off operation mode of the internal combustion
engine 1 ends. Hereinatter, the operation mode to which the
operation mode of the internal combustion engine 1 1is
changed from the fuel supply cut-oif operation mode will be
referred to as the “second operation mode™.

As shown 1n FIG. 4A, when the internal combustion engine
1 1s 1n the first operation mode (before time t1), the fuel
injection amount 1s Q1 and substantially constant, the target
EGR rate corresponding to the first operation mode 1s Regrl
(FIG. 4B), the reference high-pressure EGR valve opening
amount corresponding to the first operation mode 1s BH1
(FIG. 4C), and the reference low-pressure EGR valve open-
ing amount corresponding to the first operation mode 1s BLL1
(F1G. 4E), and the internal combustion engine 1 1s performing
the steady operation. At time t1, the mternal combustion
engine 1 1s brought into the no-load operation mode, the fuel
injection amount 1s adjusted to zero, and the operation mode
of the internal combustion engine 1 1s changed to the fuel
supply cut-oil operation mode

At time t1, the high-pressure EGR valve and the low-
pressure EGR valve are both fully closed, as shown in FIGS.
4C and 4F. Thus, as shown in FIGS. 4D and 4F, the carbon
dioxide concentration 1n the high-pressure EGR gas and the
carbon dioxide concentration in the low-pressure EGR gas
are maintained at the carbon dioxide concentration (N1) 1n
the exhaust gas discharged from the internal combustion
engine 1 1n the first operation mode.

At time t2, the condition for ending the fuel supply cut-oft
operation mode of the imnternal combustion engine 1 1s satis-
fied, the operation mode of the internal combustion engine 1
1s changed to the second operation mode, and fuel starts to be
injected in the fuel injection amount Q2. When the opening
amount of the high-pressure EGR valve 42 and the opening
amount of the low-pressure EGR valve 32 are adjusted to the
reference high-pressure EGR valve opening amount BH2 and
the reference low-pressure EGR valve opening amount BL2,
both of which correspond to the second operation mode,
respectively, at time t2, the carbon dioxide concentration in
the high-pressure EGR gas quickly changes to the carbon
dioxide concentration N2 1n the exhaust gas discharged from
the internal combustion engine 1 in the second operation
mode, as shown 1n FIG. 4D. In contrast, the carbon dioxide
concentration 1n the low-pressure EGR gas remains at the
carbon dioxide concentration in the residual low-pressure
EGR gas, namely, the carbon dioxide concentration N1 in the
exhaust gas discharged from the internal combustion engine 1
in the first operation mode, until the residual low-pressure
EGR gas 1s entirely recirculated back to the internal combus-
tion engine 1 (until time t3).

Accordingly, even when the opening amount of the high-
pressure EGR valve 42 and the opening amount of the low-
pressure EGR valve 32 are adjusted to the reference high-
pressure EGR valve opening amount BH2 and the reference
low-pressure EGR valve opening amount BL.2, both of which
correspond to the second operation mode, respectively, when
the fuel supply cut-oil operation mode of the mternal com-
bustion engine 1 ends (at time t2), the EGR rate does notreach
the target EGR rate Regr2 corresponding to the second opera-
tion mode.

In contrast, with the FGR control described above, as
shown 1n FIG. 4C, the openming amount of the high-pressure
EGR valve 42 1s corrected, at time t2, to the opening amount
BH2¢ that 1s larger than the reference high-pressure EGR
valve opening amount BH2 corresponding to the second
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operation mode, and the opening amount BH2#1s maintained
during the low-pressure EGR gas changing period from time
t2 to time t3. The correction amount 1s determined based on
the carbon dioxide concentration N1 i1n the exhaust gas dis-
charged from the internal combustion engine 1 in the first
operation mode, which can be estimated based on the opera-
tion parameters (engine speed, engine load, etc.) related to the
first operation mode that 1s the steady operation mode. The
correction amount 1s determined according to a predeter-
mined model calculation or a map.

Thus, a shortfall in the EGR rate 1s covered. The shortfall 1s
due to the fact that, during the low-pressure EGR gas chang-
ing period, the carbon dioxide concentration in the low-pres-
sure EGR gas 1s lower than the carbon dioxide concentration
N2 in the exhaust gas discharged from the internal combus-
tion engine 1 1n the second operation mode. As shown 1n FIG.
4B, the EGR rate 1s appropriately maintained at the target
EGR rate Regr2 corresponding to the second operation mode
even during the low-pressure EGR gas changing period.

The low-pressure EGR gas changing period At=(=t3-12)
may be determined based on the volume of the low-pressure
EGR gas passage 31 and the flow rate of the low-pressure
EGR gas.

FIG. SA to FIG. SF are time charts showing time-changes
in the fuel injection amount, the EGR rate, the opening
amount of the high-pressure EGR valve, the carbon dioxide
concentration 1n the high-pressure EGR gas, the opening
amount of the low-pressure EGR valve, and the carbon diox-
ide concentration in the low-pressure EGR gas, the time-
changes being caused when the EGR control routine 1is
executed 1n the case where the operation mode of the internal
combustion engine 1 1s changed from the transient operation
mode (hereinaiter, referred to as the “first operation mode™) to
the fuel supply cut-oif operation mode and then the fuel
supply cut-oil operation mode of the internal combustion
engine 1 ends. Hereafter, the operation mode to which the
operation mode of the internal combustion engine 1 1is
changed from the fuel supply cut-oif operation mode will be
referred to as the second operation mode.

As shown in FIG. 5A, when the internal combustion engine
1 1s 1n the first operation mode (belore time t1), the internal
combustion engine 1 i1s in the transient operation mode.
Accordingly, during the first operation mode, the fuel mnjec-
tion amount changes with time. At time t1, the internal com-
bustion engine 1 1s brought into the no-load operation mode,
the fuel injection amount 1s adjusted to zero, and the operation
mode of the mternal combustion engine 1 1s changed to the
tuel supply cut-oif operation mode.

At time t1, the high-pressure EGR valve 1s fully closed, as
shown 1n FIG. 5C. Thus, as shown 1in FIG. 5D, the carbon
dioxide concentration 1n the high-pressure EGR gas 1s main-
tained at the carbon dioxide concentration 1n the exhaust gas
discharged from the internal combustion engine 1 when the
operation mode of the internal combustion engine 1 1is
changed from the first operation mode to the fuel supply
cut-oif operation mode. The low-pressure EGR valve 1s tully
opened (BLt) at time t1, as shown i FIG. S5E. Thus, the atr,
which 1s taken in during the fuel supply cut-off operation
mode and flows through the intake pipe 3 and the exhaust pipe
4 (without undergoing combustion), flows into the low-pres-
sure EGR passage 31, and forces the exhaust gas that remains
in the low-pressure EGR passage 31 during the first operation
mode out of the low-pressure EGR passage 31. Therefore, as
shown 1n FIG. SE, the carbon dioxide concentration in the
low-pressure EGR gas becomes substantially equal to the
carbon dioxide concentration in the intake air. Thus, the air
that 1s the gas having a known carbon dioxide concentration
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remains in the low-pressure EGR passage 31 instead of the
exhaust gas which 1s discharged from the internal combustion
engine 1 during the transient operation mode and which has a
carbon dioxide concentration that 1s hard to estimate.

At time t2, the condition for ending the fuel supply cut-off >

operation mode of the imnternal combustion engine 1 1s satis-
fied, the operation mode of the internal combustion engine 1
1s changed to the second operation mode, and the fuel starts to
be injected 1n the fuel injection amount Q2. When the opening,
amount of the high pressure EGR valve 42 and the opening
amount of the low-pressure EGR valve 32 are adjusted, at
time t2, to the reference high-pressure EGR valve opening
amount BH2 and the reference low-pressure EGR valve
opening amount BL.2, both of which correspond to the second
operation mode, respectively, the carbon dioxide concentra-
tion 1n the high-pressure EGR gas quickly changes to the
carbon dioxide concentration N2 in the exhaust gas dis-
charged from the internal combustion engine 1 in the second
operation mode, as shown 1n FIG. 5D. In contrast, as shown 1n
FIG. SF, the carbon dioxide concentration 1n the low-pressure
EGR gas remains at the carbon dioxide concentration in the
residual low-pressure EGR gas, namely, the carbon dioxide
concentration 1n the air (substantially equal to zero), until the
residual low-pressure EGR gas (the air, 1n this case) 1s entirely
recirculated back to the internal combustion engine 1 (until
t3).

Therefore, even when the opening amount of the high-
pressure EGR valve 42 and the opening amount of the low-
pressure EGR valve 32 are adjusted to the reference high-
pressure EGR valve opening amount BH2 and the reference
low-pressure EGR valve opening amount BL.2, both of which
correspond to the second operation mode, respectively, when
the fuel supply cut-oil operation mode of the mternal com-
bustion engine 1 ends (at time t2), the EGR rate does notreach
the target EGR rate Regr2 corresponding to the second opera-
tion mode.

In contrast, with the EGR control described above, the
opening amount of the high-pressure EGR valve 42 1s cor-
rected, at time 12, to the opening amount BH3 that is larger
than the reference high-pressure EGR valve opening amount
BH2 corresponding to the second operation mode, and main-
tained at the opening amount BH3 during the low-pressure
EGR gas changing period from time {2 to time t3. The cor-
rection amount 1s determined such that the target EGR rate
Regr2 corresponding to the second operation mode can be
achieved only by the high-pressure EGR gas by adjusting the
opening amount of the high-pressure EGR valve 42 to the
corrected opening amount BH3. Because the residual low-
pressure EGR gas 1s changed from the exhaust gas which 1s
discharged from the internal combustion engine 1 in the tran-
sient operation mode and which has an unknown carbon
dioxide concentration to the air having a known carbon diox-
1de concentration, 1t 1s possible to easily and accurately deter-
mine the corrected opening amount BH3.

Thus, as shown 1n FIG. 5B even during the low-pressure
EGR gas changing period, the EGR rate 1s appropriately
maintained at the target EGR rate Regr2 corresponding to the
second operation mode.

The low-pressure EGR gas changing period At (=t3-12)
may be determined based on the volume of the low-pressure
EGR passage 31 and the flow rate of the low-pressure EGR
gas.

While the invention has been described with reference to
an example embodiment thereot, 1t 1s to be understood that
the mvention 1s not limited to the example embodiment. To
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the contrary, the mnvention 1s intended to cover various modi-
fications and equivalent arrangements within the scope of the
invention.

The mnvention claimed 1s:

1. A method for controlling an exhaust gas recirculation
system for an internal combustion engine, the exhaust gas
recirculation system including;:

a turbocharger that includes a compressor arranged 1n an
intake passage of the internal combustion engine, and a
turbine arranged 1n an exhaust passage of the internal
combustion engine;

a high-pressure EGR unit that recirculates a portion of
exhaust gas back to the mternal combustion engine
through a high-pressure EGR passage that provides
communication between the exhaust passage, at a
portion upstream of the turbine, and the intake pas-
sage, at a portion downstream of the compressor;

a low-pressure EGR unit that recirculates a portion of
exhaust gas back to the mternal combustion engine
through a low-pressure EGR passage that provides
communication between the exhaust passage, at a
portion downstream of the turbine, and the intake
passage, at a portion upstream of the compressor;

a high-pressure EGR valve that 1s provided in the high-
pressure EGR passage and that changes a flow pas-
sage area ol the high-pressure EGR passage;

a low-pressure EGR valve that 1s provided in the low-
pressure EGR passage and that changes a flow pas-
sage area of the low-pressure EGR passage; and

a control unit,

the method comprising:
adjusting an opening amount of the high-pressure EGR

valve to a reference high-pressure EGR valve opening
amount determined based on an operation mode of the
internal combustion engine, and adjusting an opening,
amount of the low-pressure EGR valve to a reference
low-pressure EGR valve opening amount determined
based on the operation mode of the internal combus-
tion engine; and

correcting the reference high-pressure EGR valve open-
ing amount based on characteristics of exhaust gas
present 1n the low-pressure EGR passage immedi-
ately before the operation mode of the iternal com-
bustion engine 1s changed to a mode where a fuel
supply cut-oif operation mode of the internal combus-
tion engine ends, and maintaining the opening
amount of the high-pressure EGR valve at the cor-
rected reference high-pressure EGR valve opening
amount during a predetermined period after the
operation mode of the mternal combustion engine 1s
changed, 1n a case where the operation mode of the
internal combustion engine 1s changed.

2. The method according to claim 1, wherein

the characteristics of exhaust gas present 1n the low-pres-
sure EGR passage during the fuel supply cut-oif opera-
tion mode are estimated based on the operation mode of
the mnternal combustion engine immediately before the
operation mode of the internal combustion engine 1s
changed to the fuel supply cut-oif operation mode.

3. The method according to claim 1, wherein,

in a case where the operation mode of the internal combus-
tion engine 1s changed from a steady operation mode to
the fuel supply cut-off operation mode, the low-pressure

EGR valve 1s kept closed during the fuel supply cut-off
operation mode, the reference high-pressure EGR valve
opening amount 1s corrected based on the steady opera-
tion mode, and the opening amount of the high-pressure
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EGR valve 1s maintained at the corrected reference high-
pressure EGR valve opening amount during the prede-
termined period after the fuel supply cut-off operation
mode of the internal combustion engine ends.

4. The method according to claim 1, wherein, 5

in a case where the operation mode of the internal combus-
tion engine 1s changed from a transient operation mode
to the fuel supply cut-oif operation mode, the low-pres-
sure EGR valve 1s kept open during the fuel supply

Cl.lt_O:f operatlgn mode, anFl the opening amount of j[he ' the case where the operation mode of the internal combus-
high-pressure EGR valve 1s maintained at an opening . L .
tion engine 1s changed i1s a case where a fuel supply

amount that 1s larger than the reference high-pressure Coff . de of the internal bust:
EGR valve opening amount during the predetermined Cul-0ll - opetdiion mode ol e infethal - Combusion

period after the fuel supply cut-off operation mode of the engine ends. _ , _
internal combustion engine ends. s 7. The method according to claim 6, wherein

5. A method for controlling an exhaust gas recirculation the characteristics ot exhaust gas present in the low-pres-

system for an internal combustion engine, the exhaust gas SULC EGR pdassage during the fuel supply C‘{t'Off opcera-
recirculation system including: tion mode are estimated based on the operation mode of

a turbocharger that includes a compressor arranged 1n an the 1nternal combustion engine immediately betfore the

20

valve opening amount and the opening amount of the
low-pressure EGR valve 1s adjusted to the reference
low-pressure EGR valve opening amount, matches a
desired target EGR rate, and the EGR rate 1s a propor-
tion of an amount of exhaust gas recirculated back to
the internal combustion engine by the exhaust gas
recirculation system to an amount of air taken in the
internal combustion engine.
6. The method according to claim 5, wherein

when the opening amount of the high-pressure EGR
valve 1s adjusted to the reference high-pressure EGR

intake passage of the internal combustion engine, and a 20 operation mode of the internal combustion engine 1s

turbine arranged in an exhaust passage of the internal changed to the fuel supply cut-oif operation mode.

combustion engine; 8. The method according to claim 6, wherein,

a high-pressure EGR unit that recirculates a portion of in a case where the operation mode of the internal combus-
exhaust gas back to the internal combustion engine tion engine is changed from a steady operation mode to
through a high-pressure EGR passage that provides 25 the fuel supply cut-off operation mode, the low-pressure
communication between the exhaust passage, at a EGR valve is kept closed during the fuel supply cut-off
portion upstream of the turbine; and the intake pas- operation mode, the reference high-pressure EGR valve
sage, at a portion downstream of the compressor; opening amount is corrected based on the steady opera-

a low-pressure EGR unit that recirculates a portion of tion mode, and the opening amount of the high-pressure
exhaust gas back to the internal combustion cngimie 30 EGR valve 1s maintained at the corrected reference high-
through a low-pressure EGR passage that provides BGR valve onenine amount durine the prede-
communication between the exhaust passage, at a press.urfec,l .\ f ph ; S | | %f pres
portion downstream of the turbine, and the intake termine petOT dit+t the He SUPPL cut-oll operation
nassage, at a portion upstream of the compressor: mode of the 1ntema} combus“[lon engine f:::nds.

a high-pressure EGR valve that 1s provided in the high- 35 9 The method according 'to claim 6, whe}*elnj
pressure EGR passage and that changes a flow pas- Inacase Wher§ the operation mode of Iihe mtemalicombus-
sage area of the high-pressure EGR passage; tion engine 1s changed from a tI:ElIlSlE:Ilt operation mode

a low-pressure EGR valve that 1s provided 1n the low- to the fuel supply cut-oit operation mode, the low-pres-
pressure EGR passage and that changes a flow pas- sure EGR valve 1s kept open during the fuel supply
sage area of the low-pressure EGR passage; and 40 cut-ott operation mode, and the opening amount of the

a control unit, high-pressure EGR valve 1s maintained at an opening

the method comprising;: amount that 1s larger than the reference high-pressure

adjusting an opening amount of the high-pressure EGR EGR valve opening amount during the predetermined
valve to a reference high-pressure EGR valve opening period after the fuel supply cut-oif operation mode of the
amount determined based on an operation mode of the 45 internal combustion engine ends.
internal combustion engine, and adjusting an opening 10. A method for controlling an exhaust gas recirculation
amount of the low-pressure EGR valve to a reference system for an internal combustion engine, the exhaust gas
low-pressure EGR valve opening amount determined recirculation system including;:
based on the operation mode of the internal combus- a turbocharger that includes a compressor arranged in an
tion engine; and 50 intake passage of the internal combustion engine, and a

correcting the reference high-pressure EGR valve open- turbine arranged 1n an exhaust passage of the internal
ing amount based on characteristics of exhaust gas combustion engine;
present 1n the low-pressure EGR passage immedi- a high-pressure EGR unit that recirculates a portion of
ately before the operation mode of the internal com- exhaust gas back to the mternal combustion engine
bustion engine 1s changed, and maintaining the open- 55 through a high-pressure EGR passage that provides
ing amount of the high-pressure EGR valve at the communication between the exhaust passage, at a
corrected reference high-pressure EGR valve opening, portion upstream of the turbine, and the intake pas-
amount during a predetermined period after the sage, at a portion downstream of the compressor;
operation mode of the mternal combustion engine 1s a low-pressure EGR unit that recirculates a portion of
changed, 1n a case where the operation mode of the 60 exhaust gas back to the mternal combustion engine
internal combustion engine 1s changed, and through a low-pressure EGR passage that provides

wherein communication between the exhaust passage, at a

the predetermined period 1s a time period from when the portion downstream of the turbine, and the intake
operation mode of the mternal combustion engine 1s passage, at a portion upstream of the compressor;
changed until when an EGR rate, which 1s realized 65 a high-pressure EGR valve that 1s provided in the high-

pressure EGR passage and that changes a flow pas-
sage area of the high-pressure EGR passage;
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a low-pressure EGR valve that 1s provided 1n the low-
pressure EGR passage and that changes a tflow pas-
sage area of the low-pressure EGR passage; and

a control unait,

the method comprising;:

adjusting an opening amount of the high-pressure EGR
valve to a reference high-pressure EGR valve opening
amount determined based on an operation mode of the
internal combustion engine, and adjusting an opening
amount of the low-pressure EGR valve to a reference
low-pressure EGR valve opening amount determined
based on the operation mode of the internal combus-
tion engine; and

correcting the reference high-pressure EGR valve open-
ing amount based on characteristics of exhaust gas
present 1n the low-pressure EGR passage immedi-
ately before the operation mode of the internal com-
bustion engine 1s changed, and maintaining the open-
ing amount of the high-pressure EGR valve at the
corrected reference high-pressure EGR valve opening
amount during a predetermined period after the
operation mode of the mternal combustion engine 1s
changed, 1n a case where the operation mode of the
internal combustion engine 1s changed, and

wherein

in the case where the operation mode of the internal
combustion engine 1s changed, the opening amount of
the low-pressure EGR valve 1s adjusted, the reference
high-pressure EGR valve opening amount 1s cor-
rected, and the opeming amount of the high-pressure

EGR valve 1s maintained at the corrected reference

high-pressure EGR valve opening amount during the
predetermined period so that a target EGR rate corre-
sponding to the changed operation mode of the inter-
nal combustion engine 1s achieved, and

the EGR rate 1s a proportion of an amount of exhaust gas
recirculated back to the internal combustion engine
by the exhaust gas recirculation system to an amount
of air taken in the internal combustion engine.

11. The method according to claim 10, wherein
the case where the operation mode of the internal combus-

tion engine 1s changed 1s a case where a fuel supply
cut-oif operation mode of the internal combustion
engine ends.

12. The method according to claim 11, wherein
the characteristics of exhaust gas present in the low-pres-

sure EGR passage during the fuel supply cut-oil opera-
tion mode are estimated based on the operation mode of
the internal combustion engine immediately betfore the
operation mode of the internal combustion engine is
changed to the fuel supply cut-oif operation mode.

13. The method according to claim 11, wherein,
in a case where the operation mode of the internal combus-

tion engine 1s changed from a steady operation mode to
the tuel supply cut-oil operation mode, the low-pressure
EGR valve 1s kept closed during the fuel supply cut-oif
operation mode, the reference high-pressure EGR valve
opening amount 1s corrected based on the steady opera-
tion mode, and the opening amount of the high-pressure
EGR valve 1s maintained at the corrected reference high-
pressure EGR valve opening amount during the prede-
termined period after the fuel supply cut-off operation
mode of the internal combustion engine ends.

14. The method according to claim 11, wherein,
in a case where the operation mode of the internal combus-

tion engine 1s changed from a transient operation mode
to the fuel supply cut-off operation mode, the low-pres-
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sure EGR valve 1s kept open during the fuel supply

cut-oil operation mode, and the opening amount of the

high-pressure EGR valve 1s maintained at an opening

amount that 1s larger than the reference high-pressure

EGR valve opening amount during the predetermined
period after the fuel supply cut-off operation mode of the
internal combustion engine ends.

15. An exhaust gas recirculation system for an internal

combustion engine, comprising:

a turbocharger that includes a compressor arranged 1n an
intake passage of the internal combustion engine, and a
turbine arranged 1n an exhaust passage of the internal
combustion engine;

a high-pressure EGR unit that recirculates a portion of
exhaust gas back to the internal combustion engine
through a high-pressure EGR passage that provides
communication between the exhaust passage, at a por-
tion upstream of the turbine, and the intake passage, ata
portion downstream of the compressor;

a low-pressure EGR unit that recirculates a portion of
exhaust gas back to the internal combustion engine
through a low-pressure EGR passage that provides com-
munication between the exhaust passage, at a portion
downstream of the turbine, and the intake passage, at a
portion upstream of the compressor;

a high-pressure EGR valve that 1s provided in the high-
pressure EGR passage and that changes a flow passage
area ol the high-pressure EGR passage;

a low-pressure EGR valve that 1s provided in the low-
pressure EGR passage and that changes a flow passage
area of the low-pressure EGR passage; and

a control unit that adjusts an opening amount of the high-
pressure EGR valve to a reference high-pressure EGR
valve opening amount determined based on an operation
mode of the internal combustion engine, and that adjusts
an opening amount of the low-pressure EGR valve to a
reference low-pressure EGR valve opening amount
determined based on the operation mode of the internal
combustion engine,

wherein,

in a case where the operation mode of the internal combus-
tion engine 1s changed to a mode where a fuel supply
cut-oil operation mode of the internal combustion
engine ends, the control unit corrects the reference high-
pressure EGR valve openming amount based on charac-
teristics of exhaust gas present in the low-pressure EGR
passage immediately before the operation mode of the
internal combustion engine 1s changed, and maintains
the opening amount of the high-pressure EGR valve at
the corrected reference high-pressure EGR valve open-
ing amount during a predetermined period after the
operation mode of the internal combustion engine 1s
changed.

16. The exhaust gas recirculation system according to

claim 15, wherein

the control unit estimates the characteristics of exhaust gas
present 1n the low-pressure EGR passage during the fuel
supply cut-off operation mode based on the operation
mode of the internal combustion engine immediately
betfore the operation mode of the mternal combustion
engine 1s changed to the fuel supply cut-oif operation
mode.

17. The exhaust gas recirculation system according to

claim 15, wherein,

in a case where the operation mode of the internal combus-
tion engine 1s changed from a steady operation mode to
the fuel supply cut-off operation mode, the control unit
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keeps the low-pressure EGR valve closed during the tuel
supply cut-oil operation mode, corrects the reference
high-pressure EGR valve opening amount based on the
steady operation mode, and maintains the opening
amount of the high-pressure EGR valve at the corrected
reference high-pressure EGR valve opening amount
during the predetermined period after the fuel supply
cut-oif operation mode of the internal combustion
engine ends.

18. The exhaust gas recirculation system according to

claim 15, wherein,

in a case where the operation mode of the mternal combus-
tion engine 1s changed from a transient operation mode
to the fuel supply cut-oil operation mode, the control
unit keeps the low-pressure EGR valve open during the
fuel supply cut-off operation mode, and maintains the
opening amount of the high-pressure EGR valve at an
opening amount that 1s larger than the reference high-
pressure EGR valve opening amount during the prede-
termined period after the tuel supply cut-oif operation

mode of the internal combustion engine ends.
19. An exhaust gas recirculation system for an internal

combustion engine, comprising:

a turbocharger that includes a compressor arranged 1n an
intake passage of the internal combustion engine, and a
turbine arranged in an exhaust passage of the internal
combustion engine;

a high-pressure EGR unit that recirculates a portion of
exhaust gas back to the internal combustion engine
through a high-pressure EGR passage that provides
communication between the exhaust passage, at a por-
tion upstream of the turbine, and the intake passage, ata
portion downstream of the compressor;

a low-pressure EGR unit that recirculates a portion of
exhaust gas back to the internal combustion engine
through a low-pressure EGR passage that provides com-
munication between the exhaust passage, at a portion
downstream of the turbine, and the 1intake passage, at a
portion upstream of the compressor;

a high-pressure EGR valve that 1s provided in the high-
pressure EGR passage and that changes a tlow passage
area of the high-pressure EGR passage;

a low-pressure EGR valve that 1s provided in the low-
pressure EGR passage and that changes a flow passage
area of the low-pressure EGR passage; and

a control unit that adjusts an opening amount of the high-
pressure EGR valve to a reference high-pressure EGR
valve opening amount determined based on an operation
mode of the internal combustion engine, and that adjusts
an opening amount of the low-pressure EGR valve to a
reference low-pressure EGR valve opening amount
determined based on the operation mode of the internal
combustion engine,

wherein,

in a case where the operation mode of the mternal combus-
tion engine 1s changed, the control unit corrects the
reference high-pressure EGR valve opening amount
based on characteristics of exhaust gas present in the
low-pressure EGR passage immediately before the
operation mode of the internal combustion engine is
changed, adjusts the opening amount of the low-pres-
sure EGR valve, and maintains the opening amount of
the high-pressure EGR valve at the corrected reference
high-pressure EGR valve opening amount during a pre-
determined period after the operation mode of the inter-
nal combustion engine 1s changed so that a target EGR
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rate corresponding to the changed operation mode of the
internal combustion engine 1s achieved,

and

the EGR rate 1s a proportion of an amount of exhaust gas
recirculated back to the internal combustion engine by
the exhaust gas recirculation system to an amount of air
taken 1n the internal combustion engine.

20. The exhaust gas recirculation system according to

claim 19, wherein,

the case where the operation mode of the internal combus-
tion engine 1s changed i1s a case where a fuel supply
cut-oil operation mode of the internal combustion
engine ends.

21. The exhaust gas recirculation system according to

claim 20, wherein

the control unit estimates the characteristics of exhaust gas
present 1n the low-pressure EGR passage during the fuel
supply cut-oil operation mode based on the operation
mode of the internal combustion engine 1mmediately
betfore the operation mode of the internal combustion

engine 1s changed to the fuel supply cut-oif operation
mode.

22. The exhaust gas recirculation system according to

claim 20, wherein,

in a case where the operation mode of the internal combus-
tion engine 1s changed from a steady operation mode to
the fuel supply cut-oif operation mode, the control unit
keeps the low-pressure EGR valve closed during the tuel
supply cut-oil operation mode, corrects the reference
high-pressure EGR valve opening amount based on the
steady operation mode, and maintains the opening
amount of the high-pressure EGR valve at the corrected
reference high-pressure EGR valve opening amount
during the predetermined period after the fuel supply
cut-oll operation mode of the internal combustion
engine ends.

23. The exhaust gas recirculation system according to

claim 20, wherein,

in a case where the operation mode of the internal combus-
tion engine 1s changed from a transient operation mode
to the fuel supply cut-off operation mode, the control
unit keeps the low-pressure EGR valve open during the
fuel supply cut-oil operation mode, and maintains the
opening amount of the high-pressure EGR valve at an
opening amount that 1s larger than the reference high-
pressure EGR valve opening amount during the prede-
termined period aiter the fuel supply cut-oil operation
mode of the internal combustion engine ends.

24. An exhaust gas recirculation system for an internal

combustion engine, comprising:

a turbocharger that includes a compressor arranged 1n an
intake passage of the internal combustion engine, and a
turbine arranged in an exhaust passage of the internal
combustion engine;

a high-pressure EGR unit that recirculates a portion of
exhaust gas back to the internal combustion engine
through a high-pressure EGR passage that provides
communication between the exhaust passage, at a por-
tion upstream of the turbine, and the intake passage, ata
portion downstream of the compressor;

a low-pressure EGR unit that recirculates a portion of
exhaust gas back to the internal combustion engine
through a low-pressure EGR passage that provides com-
munication between the exhaust passage, at a portion
downstream of the turbine, and the intake passage, at a
portion upstream of the compressor;
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a high-pressure EGR valve that 1s provided in the high-
pressure EGR passage and that changes a tlow passage
area of the high-pressure EGR passage;

a low-pressure EGR valve that 1s provided in the low-
pressure EGR passage and that changes a flow passage
area of the low-pressure EGR passage; and

a control unit that adjusts an opening amount of the high-
pressure EGR valve to a reference high-pressure EGR
valve opening amount determined based on an operation
mode of the internal combustion engine, and that adjusts
an opening amount of the low-pressure EGR valve to a
reference low-pressure EGR valve opening amount
determined based on the operation mode of the internal
combustion engine,

wherein,

in a case where the operation mode of the mternal combus-
tion engine 1s changed, the control unit corrects the
reference high-pressure EGR valve opening amount
based on characteristics of exhaust gas present in the
low-pressure EGR passage immediately before the
operation mode of the internal combustion engine is
changed, and maintains the opening amount of the high-
pressure EGR valve at the corrected reference high-
pressure EGR valve opening amount during a predeter-
mined period after the operation mode of the internal
combustion engine 1s changed, and

wherein

the predetermined period 1s a time period from when the
operation mode of the iternal combustion engine 1s
changed until when an EGR rate, which 1s realized when
the opening amount of the high-pressure EGR valve 1s
adjusted to the retference high-pressure EGR valve open-
ing amount and the opening amount of the low-pressure

EGR valve 1s adjusted to the reference low-pressure

EGR valve opening amount, matches a desired target

EGR rate, and
the EGR rate 1s a proportion of an amount of exhaust gas

recirculated back to the internal combustion engine by
the exhaust gas recirculation system to an amount of air
taken 1n the mternal combustion engine.
25. The exhaust gas recirculation system according to
claim 24, wherein,
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the case where the operation mode of the internal combus-

tion engine 1s changed 1s a case where a fuel supply

it i

cut-olf operation mode of the internal combustion
engine ends.

26. The exhaust gas recirculation system according to
claim 25, wherein
the control unit estimates the characteristics of exhaust gas

present 1n the low-pressure EGR passage during the fuel
supply cut-oif operation mode based on the operation
mode of the internal combustion engine immediately
betore the operation mode of the mternal combustion
engine 1s changed to the fuel supply cut-oif operation
mode.

27. The exhaust gas recirculation system according to
claim 25, wherein,
in a case where the operation mode of the internal combus-

tion engine 1s changed from a steady operation mode to
the fuel supply cut-off operation mode, the control unit
keeps the low-pressure EGR valve closed during the fuel
supply cut-oil operation mode, corrects the reference
high-pressure EGR valve opening amount based on the
steady operation mode, and maintains the opening
amount of the high-pressure EGR valve at the corrected
reference high-pressure EGR valve opening amount
during the predetermined period after the fuel supply

cut-oil operation mode of the internal combustion
engine ends.

28. The exhaust gas recirculation system according to
claim 25, wherein,
in a case where the operation mode of the internal combus-

tion engine 1s changed from a transient operation mode
to the fuel supply cut-off operation mode, the control
unit keeps the low-pressure EGR valve open during the
fuel supply cut-off operation mode, and maintains the
opening amount of the high-pressure EGR valve at an
opening amount that 1s larger than the reference high-
pressure EGR valve opening amount during the prede-
termined period aiter the fuel supply cut-oif operation
mode of the iternal combustion engine ends.
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